Absfrad -In this paper, a modified-T equivalent-circuit model fur three-dimensional (3-D) spiral inductors embedded in a multilayer low-temperature cofired ceramic (LTCC) is first presented tu achieve a remarkably large bandwidth. This model combines a cure circuit, a fiveelement modified-T model, tu include the effects of transmission line with electrical length up tu z, and several resonators tu consider the effects due tu coil coupling and finite ground plane. It is emphasized that must of the elements in this equivalent-circuit model can he extracted directly from the measured S parameters. Compared to the conventional II-section model that is valid only up to the first self resonant frequency (SRF), this model includes more higher-order SRFs and results in several times larger bandwidth.
I. INTRODUCTION
Spiral inductors can be viewed as passive interconnects that are conventionally modeled using II -or T-section models [1]- [3] . Although several additional capacitances and resistances have been included to account for coupling and loss in coil and substrate, the model is still narrow-banded due to the nature of II -and T-section models that cannot represent a transmission line over a wide frequency range effectively. The distributed model using multiple II -or T-sections can be applied to overcome this drawback [4], [5] . However, it is difficult to fmd these distributed elements from the measured S parameters without an intensive optimization scheme. This is because the measured S parameters represent overall frequency response of distributed sections and lack useful information in segmentation for individual section. This paper breaks through the above-mentioned modeling barriers by inventing a five-element modified-T circuit that can approximate quite closely a lossless transmission line with electrical length up to x , the wellknown period of transmission-line effects. In conjunction with several lossy resonators that account for coupling and loss in coil and substrate, this modified-T circuit can be expanded to model a real spiral inductor. As an example, in the following sections we will demonstrate an efficient modified-T modeling procedure for a 6.8 nH spiral inductor embedded in a multilayer LTCC substrate. From (9) and (IO), one can find
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From (12)-(14), the other three unknown elements in a modified-T model can be found as For comparison, we generate the two-port S parameters from the transmission-1ine.configuration shown in Fig. 2, and those from its equivalent modified-T model whose circuit elements have been found using (11) and ( 
MODIFIED-T MODEL FOR LTCC EMBEDDED

INDUCTORS
The above-mentioned modified-T equivalent circuit can be expanded to model 3-D spiral inductors embedded in a multilayer LTCC substrate, as suggested in Fig. 5 . It can be seen that several LC resonators are added to account for the self and ground resonant phenomena. The formulation starts with a derivation of Y network parameters corresponding to the equivalent circuit shown in Fig. 5 . Then extraction of equivalent-circuit elements from the measured S parameters can be performed efficiently using the following steps.
Step 
(23) Fig. 6 shows the imaginary part of YA parameter that was found using the measured S parameters for a 6.8 nH spiral inductor embedded in a multilayer LTCC substrate. One Step 2 
Coefticients
The equivalent-circuit ,elements in (24)- (29) -are all formulated in terms of L,, , L,z , C, , a and b . At low frequencies, the equivalent circuit shown in Fig. 5 can be approximated as an equivalent T-section modFl frqm which we can find the fundamental elements LSI, L82 and C, using the following expressions:
Note that the Z network parameters in (30)- (32) can be obtained from conversion of the measured S parameters. The remaining capacitance split coefficients, a and 6 , in the formulations can be found quite efficiently using an optimization scheme with the constraints
The parallel and ground resistances, R, and Rg , are mainly used to account for the losses in the conductor and substrate region respectively. Their values are frequency dependent and can be roughly estimated from the equivalent E-UT T-aeclion models af low frequencies.
A 6.8 nH inductor embedded in a multilayer LTCC substrate was fabricated and measured with S parameters for modeling. The inductor is mainly a 1.5-tum spiralform conductor with 6-mil width. In Figs. 9 and 10, we compare the S-parameter results generated from our proposed modified-T model and the conventional Ilsection model with measurements. It can he seen that the conventional II -section model is good only up to the parallel resonant frequency that is regarded as the fundamental SRF at about 3 GHz. Our proposed modified-T model can catch not only the parallel resonant frequency, but also the other series and ground resonant frequencies that belong to the higher-order SRFs. The effective bandwidth exceeds 12 GHz, about 4 times larger than the conventional n -section model.
IV. CONCLUSIONS
It is concluded that the proposed modified-T model for LTCC embedded inductors can achieve a bandwidth that is several times larger than the conventional Fsection model. In addition, this model can he constructed quite efficiently because most ofthe equivalent-circuit elements can be evaluated using the derived analytical expressions.
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